Petrographical studies examining the development and variations of sub -solidus reactions recorded in the Toki granite represent the three -dimensional cooling pattern of this zoned pluton in Central Japan. Samples collected from 19 boreholes in the Toki granite show characteristics indicative of spatial variations in the extent of the sub -solidus reactions. Exsolution coarsening has produced microperthite, including albite -rich lamellae, in this pluton, while deuteric coarsening has resulted in the formation of patchperthite, myrmekite, and the reaction rim. The extent of the deuteric coarsening reactions can be evaluated from the width and spacing of the albiterich patch in patchperthite and from the thickness of myrmekite and the reaction rim. The width, spacing, and thickness of these textural features increase systematically with elevation; they also increase gradually in the horizontal inward direction in the western part of the pluton but not in the eastern part of the pluton. The systematic variations in textural development indicate that the Toki granite cooled effectively from the roof and from the western margin during the deuteric coarsening stage. The deuteric coarsening may have occurred at temperatures below 500 °C, as indicated by ternary feldspar thermometry.
INTRODUCTION
This is the second paper in a series of papers and follows the paper "Three -dimensional cooling pattern of a granitic pluton I: The study of exsolution sub -solidus reactions in the Toki granite, Central Japan" by Yuguchi et al. (2011) , which is hereafter referred to as the companion paper I. In paper I, the cooling pattern in the Toki granite was discussed on the basis of an exsolution sub -solidus texture such as microperthite including albite (Ab) -rich lamellae, whereas in this paper, the pattern is discussed on the basis of an examination of deuteric sub -solidus textures such as patchperthite, myrmekite, and the reaction rim. Samples collected from 19 boreholes in the Toki granite in Central Japan ( Fig. 1 ) enabled us to examine the spatial variation of sub -solidus reaction textures in three dimensions; this variation revealed the spatial cooling pattern of the body. Thus, the Toki granite is a good example for such study.
The petrography of the Toki granite was already described by Yuguchi et al. (2010) .
Patchperthite is formed by dissolution -precipitation reactions via deuteric hydrothermal fluid (Lee and Parsons, 1997) , and thus, it is one of the best indicators of sub -solidus reactions at the deuteric stage. Plagioclase including myrmekite and the albitic reaction rim are also very useful indicators that enable us to determine the cooling process at the deuteric stage of the pluton (Yuguchi and Nishiyama, 2007) . Myrmekitic texture is due to the intergrowth of vermicular quartz and sodic plagioclase, whereas the reaction rim texture is characterized as an Ab -rich rim free of vermicular quartz (Yuguchi and Nishiyama, 2008) . Myrmekite and the reaction rim only occur between plagioclase and alkali feldspar. Plagioclase in contact with other minerals does not exhibit such reaction textures.
These micrometer -scale textures can be observed by polarizing optical microscopy (POM) and scanning electron microscopy (SEM). The parameters evaluated to determine the extent of sub -solidus reactions are the width and spacing of the Ab -rich patch in patchperthite and the thickness of the myrmekite and reaction rims. The degree of development of these textures is examined and analyzed quantitatively, and the variations in the extent of the deuteric sub -solidus reactions are mapped with respect to the relative horizontal locations of the boreholes as well as the vertical elevation of the sample in the borehole. Ternary feldspar thermometers are used to determine the temperature at which the deuteric sub -solidus reactions occur.
THE TOKI GRANITE
The geologic setting and petrography of the Toki granite were given in the companion paper I, so they are not repeated here.
TEXTURES OF DEUTERIC SUB-SOLIDUS REACTIONS
Minerals and textures were investigated at Kumamoto University using an energy -dispersive X -ray spectrometer (EDS) consisting of JEOL PC -SEM 5600 and LINK ISIS (acceleration voltage, 20 kV; beam current, 0.6 nA; beam width, 2 mm).
Perthitic textures
POM and SEM observations show that the Toki granite has two types of perthitic textures: microperthite with semicoherent Ab -rich lamellae and patchperthite with the distribution of the San -in, Sanyo, and Ryoke Belts in the Inner Zone of Southwestern Japan, after Ishihara and Chappell (2007) . (B) Topography inside the Toki granite (Tono district) and borehole sites in this study (based on the Geographical Survey Institute, 1:25,000 topographic maps entitled Ontake, Takenami, Toki, and Mizunami). The samples used for this study were collected from these 19 boreholes, providing widely spaced information for study of the spatial variation of sub -solidus reaction textures in the crystallized magma chamber. (C) Rock facies cross section for the Toki granite along the line from X to X' in the topography map (Fig. 1B) . The rock type grades from muscovite -biotite granite at the margin, through hornblende -biotite granite, to biotite granite in the interior (Yuguchi et al., 2010) .
bead -and vein -like incoherent Ab -rich patches. The companion paper I clarified that the effective conditions for the formation of microperthite and patchperthite correspond to the exsolution coarsening stage (ECS) and the deuteric coarsening stage (DCS), respectively. The observations described in paper I suggested that the DCS occurred later than the ECS.
Myrmekite and the reaction rim
Myrmekite is a texture that results from the intergrowth of vermicular quartz and Ab -rich plagioclase that develops between alkali feldspar and plagioclase (Smith and Brown, 1988) . The reaction rim is Ab -rich rim and free of vermicular quartz. It develops as a result of the contact between plagioclase and alkali feldspar Nishiyama, 2007, 2008) . Because plagioclase in contact with other minerals does not show such rapid compositional changes from the core to the rim, myrmekite and the albitic reaction rim are thought to form at the sub -solidus stage. For example, plagioclase in contact with quartz shows a gradual compositional variation from Ab 70 at the core to Ab 80 at the rim, which implies that the zoning is not caused by diffusion; rather, it is caused by crystal growth. Myrmekite and the reaction rim are considered to form contemporaneously with patchperthite during the DCS, as indicated by the gradual change from myrmekite or the reaction rim to the Ab -rich phase in patchperthite (Figs. 2A and 2B) . Similarly, the close relationship between myrmekite and the reaction rim is illustrated by the example of a composite texture shown in Figure 2C .
Extent of deuteric sub-solidus reactions
To evaluate the extent of deuteric sub -solidus textures precisely, we may need to measure their width and spacing in the oriented sample. However, this procedure is not feasible because it requires too many thin sections. Instead, we adopted a statistical approach by taking the mean values and standard deviations of many measurements of those parameters in randomly oriented samples. Each of the four parameters representing the extent of the deuteric sub -solidus reactions, the mean width and spacing of the Ab -rich patch in patchperthite, and the mean thickness of myrmekite and the reaction rim are detailed below. Vertical elevations are given in the text with respect to the mean sea level and not as the depth from the topographic surface; in other words, a positive (negative) value denotes the upper (lower) region with respect to the mean sea level. This enables us to compare the samples to discuss the development of deuteric alteration textures in terms of the vertical coordinate (elevation). Mean width of the Ab-rich patch in patchperthite. The mean width of the Ab -rich patch in patchperthite and its standard deviation were determined on the basis of more than 15 measurements in each sample. Each measurement was taken perpendicular to the direction of the interface between the Ab and orthoclase (Or) -rich phases, at the thickest part of an individual Ab -rich patch (Fig.  3A) . Figure 3B shows plots of the variations in the mean width of the Ab -rich patch in patchperthite with elevation in the pluton, with five data sets from DH -11, MIU -2, DH -6, DH -13, and DH -10. Data from DH -11 are plotted in the two diagrams for comparison between the west and east side of the pluton, because DH -11 is located in the central region of the body based on the rock facies cross section (Fig. 1C) . On the west side of the body, the mean width of the Ab -rich patch in patchperthite increases monoto nically from 15 -40 mm at an elevation of 200 m to 50 -130 mm at an elevation of −800 m, and it is also shown to increase from DH -6 to DH -11 through MIU -2 horizo ntally inward in the body ( Fig. 3B -1 ). On the east side of the body ( Fig. 3B -2 ), the mean width of the Abrich patch in patchperthite increases monotonically from 50 -70 mm at an elevation of 200 m to 100 -130 mm at an elevation of −800 m. No systematic changes can be observed in DH -10, 13, and 11 in the horizontal direction ( Fig. 3B -2 ). The standard deviations become larger as the elevation decreases (Figs. 3B -1 and 3B -2). The results of all bore holes are plotted in Appendices (available online from http://www.jstage.jst.go.jp/brows/jmps). Figure 3C shows the contoured distribution of the mean width of the Ab -rich patch in patchperthite on the cross section along the X -X' line on the borehole site map. Figure 3D shows the spatial contour distribution of the same parameter on the fence diagram along several lines on the borehole site map. To build the cross section and the fence diagrams, the extent of the sub -solidus reaction textures collected from the borehole samples was interpolated and converted to three -dimensional (3D) data for visualizing the distribution pattern of the parameter using Rock Works 14 software ® . The maximal value (warm color) in the mean width of the Ab -rich patch in patchperthite occurs at an elevation of −700 m in DH -11 (Figs. 3C and 3D) , and the minimum value (cold color) occurs in the upper western margin of the body. The mean width of the Ab -rich patch in patchperthite is shown to increase systematically downward with vertical elevation, and it is also shown to increase gradually inward with horizontal location from the western margin but not from the eastern.
Mean spacing of the Ab-rich patch in patchperthite. The mean spacing of the Ab -rich patch and its standard deviation in patchperthite were determined on the basis of more than 15 measurements for each specimen. The spacing is defined as the distance between the centers of one Ab -rich patch to that of the neighboring Ab -rich pat ch (Fig. 4A) . Each measurement was taken perpendicular to the elongation of the Ab -rich patch (Fig.  4A) . On the west side of the body (Fig. 4B -1) , the mean spacing of the Ab -rich patch in patchperthite increases monotonically from 35 -60 mm at an elevation of 200 m to 110 -200 mm at an elevation of -800 m, and it is also shown to increase from DH -6 to DH -11 through MIU -2 horizontally inward in the body. On the east side of the body ( Fig. 4B -2) , the mean spacing of the Ab -rich patch in patchperthite inc reases monotonically from 60 -70 mm at an elevation of 200 m to 110 -200 mm at an elevation of −800 m. No sys te matic horizontal variation can be observed in boreholes DH -10, 11, and 13. The contoured distribution of the mean spacing of the Ab -rich patch in patchperthite on the cross section (Fig. 4C ) and on the fence diagram (Fig. 4D) shows that the maximal value (warm color) occurs at an elevation of -700 m in DH -11 and the minimum value (cold color) occurs in the upper western margin. The mean spacing of the Ab -rich patch in patchperthite inc reases systematically in the downward direction from the roof and with increasing horizontal distance inward from the western wall. Mean thickness of myrmekite. The mean thickness of myrmekite and its standard deviation were determined on the basis of more than 15 measurements for each sample. Individual measurements represent the thickest part of a myrmekite zone, perpendicular to the direction of the interface between myrmekite and alkali feldspar (Fig.  5A ). On the west side of the pluton (Fig. 5B -1) , the mean thickness of myrmekite increases monotonically from 35 -70 mm at an elevation of 200 m to 70 -160 mm at an elevation of −800 m, and it is also shown to increase from DH -6 to DH -11 through MIU -2 horizontally inward in the pluton. On the east side of the pluton, the mean thickness of myrmekite increases monotonically from 60 -70 mm at an elevation of 200 m to 100 -160 mm at an elevation of −800 m. No systematic horizontal variation is observed in boreholes DH -10, 11, and 13 ( Fig. 5B -2) . The contoured distribution of the mean thickness of myrmekite on the cross section (Fig. 5C ) and on the fence diagram (Fig. 5D) shows that the maximal value (warm color) occurs at an elevation of -700 m in DH -11 and the minimum value (cold color) is distributed in the upper western margin. The mean thickness of myrmekite shows a systematic increase with decreasing elevation and increa sing horizontal distance in the inward direction from the western wall.
Mean thickness of reaction rims. The mean thickness of the reaction rims and its standard deviation were deter mined on the basis of more than 15 measurements for each sample. Each measurement was taken at the thickest part of a reaction rim between plagioclase and alkali feldspar, perpendicular to the interface between the reaction rim and alkali feldspar (Fig. 6A) . On the west side of the pluton (Fig. 6B -1) , the mean thickness of the reaction rim increases monotonically from 35 mm to 70 mm at an ele va tion of 200 m to 50 -150 mm at an elevation of −800 m, and it is also shown to increase from DH -6 to DH -11 through MIU -2 horizontally inward in the body. On the east side of the body (Fig. 6B -2) , the mean thickness of the reaction rim increases monotonically from 60 -70 mm at an elevation of 200 m to 100 -160 mm at an elevation of −800 m. No systematic variation can be observed in boreholes DH -10, 11, and 13 in the horizontal direction. The contoured distribution of the mean thickness of the reaction rim on the cross section (Fig. 6C ) and on the fence diagrams (Fig. 6D) shows that the maximal value (warm color) occurs at an elevation of −700 m in DH -11 and the minimum value (cold color) occurs in the upper western margin. The mean thickness of the reaction rim shows a systematic increase with decreasing elevation and increasing horizontal distance in the inward direction from the western wall.
Chemical composition of feldspar including deuteric sub-solidus textures
The degree of development of deuteric sub -solidus reaction textures described above may depend on several factors, including the cooling duration, the bulk composition of feldspar, and the primary distribution and subsequent behavior of deuteric fluid. The variation of the bulk composition of feldspar including deuteric alteration textures is described here. Paper I showed that perthitic alkali feldspar compositions do not have any systematic variations with horizontal location and vertical elevation of the body. This result was obtained on the basis of measurements of the volume fraction of the Ab -rich phase in perthitic alkali feldspar, analyses of compositions of Ab -and the orthoclase(Or) -rich phases in perthitic alkali feldspar, and estimation of the local bulk composition of alkali feldspar grains (paper I, Figs. 5 -7). In this study, the compositional variation of feldspar including myrmekite and the reaction rim was further determined by measuring the composition of myrmekite and the reaction rim and the neighboring mineral. This analysis was carried out for 15 representative samples collected from each rock facies (mus covite -biotite granite, hornblende -biotite granite, and biotite granite; Fig. 1C) .
Compositions of plagioclase in myrmekite and neigh boring minerals. Figure 7A -1 shows a compositional plot (Or -Ab -An) of core and rim plagioclase in contact with myrmekite, myrmekitic plagioclase, and the rim on alkali feldspar in contact with myrmekite. The ternary diagram indicates uniform compositions for each of the phases. Myrmekitic plagioclase compositions (Or and Ab + An content; Fig. 7A -2 ) and alkali feldspar rim compo sitions in contact with myrmekite are also constant with respect to location and elevation.
Compositions of the reaction rim and neighboring minerals. Figure 7B -1 shows that the core and rim compositions of plagioclase in contact with the reaction rim, the compositions of the reaction rim, and the rim 
DISCUSSION

Temperature conditions of deuteric alteration
As reported in Paper I, the hornblende -plagioclase thermo meter (Blundy and Holland, 1990 ) and the ternary feldspar thermometer (Fuhrman and Lindsley, 1988) indicate that the temperature range for volume diffusion associated with exsolution coarsening is 780 -690 °C. The temperature conditions of the deuteric alteration, under which patchperthite, myrmekite, and the reaction rim formed, were evaluated using the same ternary feldspar thermometer of Fuhrman and Lindsley (1988) that was used in the study reported in paper I. The estimated temperatures are below 500 °C for all three components (T Ab , T Or , and T An ). Under such low temperatures, it is not possible to determine the temperature exactly because of ordering and kinetic effects. However, this temperature condition is concordant with previous results with regard to the temperature at which the turbid (micropore -rich) patchperthite formed in a granitic rock (e.g., 390 -230 °C in Hashimoto et al., 2005) . It should be noted that the DCS occurred at temperatures below 500 °C, representing substantially cooler conditions than those for the ECS.
Cooling process of the Toki granitic pluton during the deuteric coarsening stage
We measured the extent of deuteric reaction textures using the randomly oriented feldspar grains in each sample, which may yield an uncertainty for evaluating the extent of them because of the orientation effect. To minimize the uncertainty, we evaluated the cooling process of the Toki granitic pluton by employing four parameters: the width and spacing of the Ab -rich patch in patchperthite, and the thickness of myrmekite and the reaction rim. Myrmekite and the reaction rim are "intergranular" textures, and patchperthite is an "intragranular" texture. All four parameters, which are based on different occurrences (two intergranular + two intragranular parameters), show consistent patterns in the Toki granite (Figs. 3D -6D ), which implies that the extent of deuteric alteration textures is properly evaluated by our procedure, irrespective of the orientation of the feldspar grain. These textural parameters show a gradual increase horizontally inward in the western part of the body but not in the eastern part of the body.
Patchperthite, myrmekite, and the reaction rim are produced through dissolution -reprecipitation by deuteric alteration with hydrothermal fluids (Lee and Persons, 1997; Yuguchi and Nishiyama, 2008) . The Ab -rich phase in patchperthite from the Toki granite has a low anorthite content (mean 2%; see Fig. 6B -2 in paper I), even though the alkali feldspar does not contain any anorthite component. The anorthite content in the Ab -rich phase of patchperthite also supports the notion that deuteric alteration was associated with hydrothermal fluid influx from outside the alkali feldspar grains. The Toki granite has a large amount of pegmatite and aplite, which occur as veins and dykes, ubiquitously in the body. The deuteric fluid may be present and available everywhere for the mineral reactions in the body. Therefore, the extent of deuteric alteration textures depends not on the availability of the deuteric fluid but on the cooling duration.
Patchperthite, myrmekite, and the reaction rim are formed as a result of dissolution -reprecipitation by deuteric fluids. In the case of the Toki granite, the bulk composition of feldspar is constant and the distribution of deuteric fluid is uniform; therefore, the growth of the deuteric sub -solidus texture is proportional to the deuteric reaction rate and the duration to maintain the reaction. Although the reaction rate is difficult to evaluate, the extent of the deuteric alteration textures may be determined from the cooling duration during which the deuteric reaction can occur. The four textural parameters of deuteric sub -solidus textures systematically increase with the elevation in the Toki granite, in the downward direction from the roof. They also show a gradual increase horizontally inward in the western part of the body but not in the eastern part of the body. The maximum values of all four parameters occur at an elevation of −700 m in borehole DH -11 (Figs. 3D -6D , warm color), and the smallest values are distributed in the western upper region of the body (cold color). The lesser (greater) development of the texture reflects the relatively shorter (longer) duration during which deuteric alteration can occur. This result suggests that the Toki granite cooled not only from the roof but also from the western margin during the deuteric coarsening stage.
